Background-Elevated lipoprotein(a) levels are associated with myocardial infarction (MI) in some but not all studies.
L ipoprotein(a) is composed of a low-density lipoprotein (LDL) particle bound to a plasminogen-like glycoprotein named apolipoprotein(a). 1 Previous in vitro, animal, and epidemiological studies suggest that lipoprotein(a) could contribute to the development of atherosclerosis and/or thrombosis and thus myocardial infarction (MI) and ischemic heart disease (IHD). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] However, the use of lipoprotein(a) as a risk factor for MI and IHD has not been implemented in clinical practice. Limitations of previous studies include measurements in long-term frozen samples, in which different lipoprotein(a) isoforms may degrade differently, 17 and lack of correction for regression dilution bias. 18 In addition, only very few studies have provided information on the association between extreme lipoprotein(a) levels and risk of MI and IHD. 15, 16, 19 Finally, we lack absolute risk estimates in the general population to help clinicians use extreme lipoprotein(a) levels in risk assessment of individual patients.
Clinical Perspective p 184
We tested the hypothesis that extreme lipoprotein(a) levels predict risk of MI and IHD in the general population. For this purpose, we used a prospective study of the Danish general population, the Copenhagen City Heart Study, measured lipoprotein(a) levels at baseline shortly after sampling, and corrected for regression dilution bias. Finally, we calculated absolute risk estimates for MI and IHD as a function of extreme lipoprotein(a) levels in the general population. participated (response rate, 61%). We included 9330 individuals who had lipoprotein(a) levels determined shortly after sampling and who had no prior history of IHD. Hypertension was defined as use of antihypertensive medication, a systolic blood pressure Ն140 mm Hg, or a diastolic blood pressure Ն90 mm Hg. Diabetes mellitus was defined as self-reported disease, use of insulin or oral hypoglycemic drugs, or a nonfasting plasma glucose Ͼ11 mmol/L. Smokers were active smokers. Body mass index was weight in kilograms divided by height in meters squared.
We followed up all individuals from baseline in 1991-1994 until the occurrence of IHD (including MI), death, or beginning of 2004, whichever came first. Follow-up was 100% complete. Approximately half of the participants had a second lipoprotein(a) measurement at the 2001-2003 examination immediately after sampling, allowing correction for regression dilution bias. 18 Information on diagnosis of MI and IHD (World Health Organization; International Classification of Diseases, Eighth Edition codes 410 and 410 to 414, respectively, and International Statistical Classification of Diseases, 10th Revision codes I21 to I22 and I20 to I25, respectively) was collected and verified by reviewing hospital admissions and diagnoses entered in the national Danish Patient Registry, causes of death entered in the national Danish Causes of Death Registry, and medical records from hospitals and general practitioners. IHD was defined as the occurrence of MI or characteristic symptoms of angina pectoris based on location, character and duration of pain, and relation of pain to exercise. A diagnosis of MI required the presence of at least 2 of the following criteria: characteristic chest pain, elevated cardiac enzymes, or electrocardiographic changes indicative of MI.
The study was approved by Herlev University Hospital and a Danish ethical committee (No. 100.2039/91, Copenhagen and Frederiksberg committee) and was conducted according to the Declaration of Helsinki. All participants gave written informed consent.
Biochemical Analysis
Colorimetric and turbidimetric assays were used to measure plasma levels of total cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides, and apolipoprotein B at baseline. 20 LDL cholesterol was calculated according to the Friedewald formula if triglycerides were Ͻ4 mmol/L but measured by a direct method (Thermo Fischer Scientific, Waltham, Mass) at higher levels. With the use of an in-house assay developed by B.G.N., lipoprotein(a) total mass was measured turbidimetrically with a Technicon Axon autoanalyzer (Miles Inc, Diagnostics Division, Tarrytown, NY), rabbit anti-human lipoprotein(a) polyclonal antibodies (Q023, DAKO A/S, Glostrup, Denmark), and a human serum lipoprotein(a) calibrator (DAKO A/S). The antibodies recognize apolipoprotein(a), the apolipoprotein characteristic of lipoprotein(a). The polyclonal antibodies were purified by immunoadsorption against apolipoprotein B and plasminogen, ensuring no cross-reactivity with either of these components, confirmed by immunoelectrophoresis. In addition, the polyclonal antibodies were tested by Western blotting targeting 12 different isoforms of lipoprotein(a) with adequate detection of all isoforms and with no tendency for the larger isoforms to have increased signal intensity. On addition of isolated human very low-density lipoprotein (density Ͻ1.006 g/mL) without lipoprotein(a), equivalent to a plasma concentration of triglycerides of 2 to 8 mmol/L, the initial assay measured reduced lipoprotein(a) levels in the samples. We therefore preincubated all samples (25 L plasma) for 5 minutes with 435 U lipase (catalog No. 414590, Boehringer Mannheim, Mannheim, Germany), 0.29 mg Tween 20 (CIS Bio International, Saclay, France), and 10 mg bovine serum albumin (catalog No. L362064, Behring, Marburg, Germany). After removal of triglycerides from the samples as described, the anti-lipoprotein(a) antibodies were added. Thereafter, there was no interference from triglycerides up to 8 mmol/L or from hemoglobin up to 500 mol/L or bilirubin up to 400 mol/L. Samples above a level of lipoprotein(a) 85 mg/dL or of triglycerides Ͼ8 mmol/L were diluted 1:5. Lipoprotein(a) levels up to at least 500 mg/dL were within the security range of the assay and would not erroneously be read as a low level due to antigen excess. To improve precision of lipopro-tein(a) measurements, all 9330 samples were analyzed by the same technician using only 1 calibration, 1 batch of antibodies, and 1 autoanalyzer: the between-series coefficients of variation at lipoprotein(a) levels of 9, 30, 42, 66, 100, and 127 mg/dL and at triglyceride levels of 1 to 2 mmol/L were 11%, 3%, 2%, 2%, 5%, and 4%, respectively. Equivalent coefficients of variation were 4% in samples with a lipoprotein(a) level of 62 mg/dL and a triglyceride level of 7 mmol/L and 5% in samples with a lipoprotein(a) level of 133 mg/dL and a triglyceride level of 20 mmol/L. Plasma lipoprotein(a) was measured at baseline shortly after sampling (stored at Ϫ80°C for 1 to 29 months); storage at Ϫ80°C for up to 29 months did not change lipoprotein(a) values at the levels of 20, 52, and 135 mg/dL. In 2001-2003, lipoprotein(a) was measured again on 4609 participants immediately after sampling with the use of a sensitive immunoturbidimetric assay from DiaSys (DiaSys Diagnostic Systems, Holzheim, Germany) containing goat anti-human lipoprotein(a) polyclonal antibodies purified by immunoadsorption against apolipoprotein B and plasminogen. For individuals with both lipoprotein(a) measurements, we observed a minimal bias between the 2 measurements of 1.6 mg/dL and an r 2 value of 0.81 (PϽ0.001) when comparing the 2 measurements by linear regression.
Statistical Analysis
STATA statistical software package was used for analysis. A 2-sided PϽ0.05 was considered significant. Cumulative incidences were plotted with the use of Kaplan-Meier curves and differences between levels of lipoprotein(a) examined by log-rank tests. Cox proportional hazards regression (age adjusted or multifactorially adjusted) was used to estimate hazard ratios with 95% CIs. We analyzed age at event using left truncation (or delayed entry) and age as time scale. Thus, age is automatically adjusted for, and we take into account that a period of ignorance exists before an individual enters into the study, a period in which the individual may have been subjected to the effects of elevated lipoprotein(a) levels. With age as time scale, we cannot study the effects of age itself. Therefore, for the test of interaction of age with lipoprotein(a) levels, we used years of follow-up as time scale analyzing time to event. The assumption of proportional hazards was tested with the use of Schoenfeld residuals, and no violations were observed. We defined lipoprotein(a) cut points a priori on the basis of percentiles of the distribution (Ͻ22nd, 22nd to 66th, 67th to 89th, 90th to 95th, Ͼ95th percentile). We compared the reference group (Ͻ5 mg/dL; Ͻ22nd percentile and equivalent to the detection limit of the assay) with individuals with higher levels of lipoprotein(a) using the prespecified cutoffs at 30 mg/dL (67th percentile), a level previously used for conveying increased risk, 1, 16, 21 and 85 mg/dL and 120 mg/dL, approximately equal to the 90th and 95th percentiles. The lipoprotein(a) groups were coded 1, 2, 3, 4, and 5 for the trend tests in log-rank and Cox analyses. We also examined risk by tertiles of lipoprotein(a) levels. Total cholesterol, LDL cholesterol, and apolipoprotein B levels were adjusted for the lipoprotein(a) contribution, 22 according to compositional data in which cholesterol accounts for Ϸ30% and apolipoprotein B for Ϸ16% of total lipoprotein(a) mass. 23, 24 Thus, total lipoprotein(a) mass was multiplied by 0.3, and this value was subtracted from total cholesterol and LDL cholesterol values in all individuals. Similarly, total lipoprotein(a) mass multiplied by 0.16 was subtracted from apolipoprotein B values. On the basis of the second lipoprotein(a) measurement available for approximately half of the cohort reexamined in 2001-2003, hazard ratios were corrected for regression dilution bias by a nonparametric method 18 ; we calculated a regression dilution ratio of 0.77, resulting in 13%, on average (range, Ϫ2% to 36%), higher hazard ratios compared with uncorrected values. Interaction of lipoprotein(a) with other risk factors was evaluated by including 2-factor interaction terms between lipoprotein(a) on a continuous scale and other examined risk factors, 1 at a time, in the multifactorial Cox regression model. Absolute 10-year risks of MI and IHD by levels of lipoprotein(a), hypertension no/yes, smoking no/yes, and age Յ60 years and Ͼ60 years were estimated with the use of the regression coefficients from a Poisson regression model for women and men separately. 25 Model calibration for the Poisson regression, that is, agreement between estimated and observed values, was assessed by comparing estimated 1-year occurrence of IHD within each risk factor stratum with observed 1-year occurrence of IHD among 5422 participants in the 2001-2003 examination who all had lipoprotein(a) measurements done (Table in the online-only Data Supplement). We observed good agreement.
The authors had full access to the data and take responsibility for its integrity. All authors have read and agree to the manuscript as written.
Results
Of the 9330 participants, 57% were women. Age at entry ranged from 21 to 93 years, with a mean of 57 years. Roughly 99% of participants were of Danish descent. During a median follow-up of 10 years, 1142 participants were diagnosed with IHD, including 498 with MI. Characteristics of participants are shown in Table 1 .
Cumulative Incidence
Cumulative incidence of MI and IHD as a function of age increased stepwise with increasing levels of lipoprotein(a) (Figure 1 ; log-rank tests for trend of Pϭ0.002 and PϽ0.001).
Relative Risk
In both genders, increasing levels of lipoprotein(a) were associated with increased risk of MI and IHD ( Figure 2 ; trend tests ranged from PϽ0.001 to Pϭ0.02). In women, multifactorially adjusted hazard ratios for MI for elevated lipoprotein(a) levels were 1.1 (95% CI, 0.6 to 1.9) for 5 to 29 mg/dL (22nd to 66th percentile), 1.7 (1.0 to 3.1) for 30 to 84 mg/dL (67th to 89th percentile), 2.6 (1.2 to 5.9) for 85 to 119 mg/dL (90 to 95th percentile), and 3.6 (1.7 to 7.7) for Ն120 mg/dL (Ͼ95th percentile) versus levels Ͻ5 mg/dL (Ͻ22nd percentile). Equivalent values in men were 1.5 (0.9 to 2.3), 1.6 (1.0 to 2.6), 2.6 (1.2 to 5.5), and 3.7 (1.7 to 8.0). Similar but attenuated results were obtained for IHD ( Figure 2 ). Hazard ratios were adjusted for regression dilution bias (unadjusted hazard ratios are displayed in the Figure in the online-only Data Supplement). Noticeably, hazard ratios and tests for trend are more significant in the fully adjusted models than in the age-adjusted models, which is opposite the usual findings in observational studies. We examined how the traditional risk factors affected hazard ratios for lipoprotein(a) levels as predictor of MI by adding them 1 at a time to the age-adjusted model. We found that the following risk factors each slightly increased the lipoprotein(a) hazard ratio estimates: gender, smoking, hypertension, diabetes, total cholesterol, LDL cholesterol, HDL cholesterol, and apolipoprotein B and, for women, menopausal status and hormone replacement therapy. On a continuous scale, a 10-mg/dL increase in lipoprotein(a) levels was associated with a multifactorially adjusted hazard ratio of 1.09 (1.06 to 1.12) for MI and 1.06 (1.04 to 1.08) for IHD (Table 2) . Likewise, the increase in risk per log increment in lipoprotein(a) concentration after multifactorial adjustment was 1.17 (1.08 to 1.27) for MI and 1.12 (1.07 to 1.18) for IHD. No significant interactions were observed between lipoprotein(a) and gender, age, smoking, hypertension, diabetes mellitus, body mass index, total cholesterol, LDL cholesterol, HDL cholesterol, triglycerides, apolipoprotein B, lipid-lowering therapy, menopause, or use of hormone replacement therapy on risk of MI and IHD (probability values of 0.10 to 0.93 for test of interaction). When we excluded individuals on lipid-lowering therapy, the results were similar to those reported.
Absolute Risk
Absolute 10-year risk of MI and IHD increased with increasing lipoprotein(a) levels, from women to men, and with smoking, hypertension, and increasing age (Figure 3) . In women, the highest absolute 10-year risks of MI of 10% and 20% were found in hypertensive smokers aged Ͼ60 years, and with lipoprotein(a) levels Ͻ5 mg/dL (Ͻ22nd percentile) and Ն120 mg/dL (Ͼ95th percentile), respectively. Equivalent values in men were 19% and 35%. The absolute 10-year risks of IHD were higher than those for MI, but the absolute increase in risk from low to extreme levels of lipoprotein(a) was slightly attenuated compared with that observed for MI.
Discussion
In this study of the adult Danish general population, we observed a stepwise increase in risk of MI with increasing levels of lipoprotein(a) in both genders, with no evidence of a threshold effect. Furthermore, we found that extreme lipoprotein(a) levels Ͼ95th percentile predict a 3-to 4-fold increase in risk of MI and absolute 10-year risks of 20% and 35% in high-risk women and men. We observed larger risk estimates for lipoprotein(a) than most previous studies, 10, [12] [13] [14] 16, 26, 27 most likely because we focused on extreme levels, measured levels shortly after sampling, corrected for regression dilution bias, and considered MI rather than IHD.
In addition, other studies may have failed to dilute samples sufficiently to get accurate values at the high levels, at which we diluted samples 1:5 at lipoprotein(a) levels Ͼ85 mg/dL, and were able to measure levels accurately up to a level of 500 mg/dL. In addition, we designed an assay completely free of interference from triglycerides. Finally, for the first time we provide absolute 10-year risk estimates in the general population for MI and IHD as a function of lipoprotein(a) levels stratified for other risk factors, allowing clinicians to use extreme lipoprotein(a) levels in risk assessment of individual patients.
Lipoprotein(a) may contribute to the development of MI and IHD by 2 different mechanisms: lipoprotein(a) consists of an LDL particle that may promote atherosclerosis and a plasminogen-like apolipoprotein(a) particle that may interfere with fibrinolysis and increase the risk of thrombosis. 1 Lipoprotein(a) can enter into human atherosclerotic plaques, 6 and results from in vitro and animal studies implicate lipoprotein(a) in foam cell formation, smooth muscle cell proliferation, and plaque inflammation and instability. 2, 7, 8 Lipoprotein(a) has also been shown to bind proinflammatory oxidized phospholipids recently associated with coronary artery disease. 28 Lipoprotein(a) enters into and leaves the arterial wall by mechanisms similar to LDL 3,4 and appears to accumulate more at sites of arterial injury than LDL. 5 
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may contribute to thrombus formation include inactivation of tissue factor pathway inhibitor, thus promoting coagulation, and attenuation of fibrinolysis through inhibition of plasminogen activation. 2, 8 Most but not all prospective studies of lipoprotein(a) and risk of IHD have found positive associations, 10 -16,26,27 and levels of lipoprotein(a) have also been related to severity of coronary artery disease. 29 Our risk estimates are, however, higher than those detected in the majority of previous studies. 10, [12] [13] [14] 16, 26, 27 In contrast to our study, previous studies, with few exceptions, 15, 16, 19 have not explored risk in groups with extreme levels of lipoprotein(a), and most previous studies used the end point IHD rather than MI. A meta-analysis from 2000 including 18 studies found a risk ratio of 1.7 for IHD when comparing individuals in the upper versus lower tertile of the lipoprotein(a) distribution ( Figure  4 ). 10 If we likewise in our study consider risk of IHD as a function of the upper versus lower lipoprotein(a) tertile, we arrive at a similar estimate. Among previous studies that evaluated extreme lipoprotein(a) levels, 1 study found a 1.9-fold increase in risk of IHD with lipoprotein(a) levels above the 95th percentile in women 16 compared with the 2.4-fold increase in risk of IHD in women and men combined found in our study (Figure 4) . The former study used long-term frozen samples 16 with a risk of differential degradation of lipoprotein(a) isoforms, resulting in more moderate risk estimates, 17 and did not correct for regression dilution bias. Another study, a nested case-control study from 1994 in men, 19 also used long-term frozen samples but, like the present study, corrected for regression dilution bias. This study found a 2.3-fold increase in risk of cardiovascular death in individuals with lipoprotein(a) levels Ͼ90th percentile, which compares with our finding of a 2.2-fold increase in risk of IHD for those Ͼ90th percentile (Figure 4) . Some previous studies have reported evidence of interaction between lipoprotein(a) levels and LDL cholesterol levels on risk of IHD. 13, 15, 16, 21 Our study does not support this finding: Formal testing for interaction was insignificant, and stratifying the cohort by the median LDL cholesterol level yielded similar risk estimates in both strata. Before analyses in our study, LDL cholesterol values were corrected for the lipoprotein(a) contribution, but even without this prior correction, no indication of an interaction between lipoprotein(a) levels and LDL cholesterol was found (data not shown). Some previous studies have also speculated on a threshold effect, 15, 16 but our study does not support this. We observed a stepwise increase in risk of MI and IHD with increasing levels of lipoprotein(a) in both genders, with no evidence of a threshold effect.
Lipoprotein(a) levels and distributions differ between different ethnic groups, 30 and thus results from the present study may not be applicable to other ethnic groups. It is unlikely that our results suffer from selection bias because we selected participants at random from the general population and had 100% follow-up. However, we cannot rule out misclassification of a few cases or controls. Misclassification of either controls or cases will tend to give more conservative risk estimates, and this might be the cause of the more moderate risk estimates obtained for IHD compared with those for MI because a diagnosis of IHD is less certain than a diagnosis of MI.
Risk estimates for lipoprotein(a) were corrected for regression dilution bias on the basis of a second lipoprotein(a) measurement near the end of follow-up. Ideally, correction factors should probably be based on remeasurements midway through the follow-up period, 18 but when the remarkable stability of lipoprotein(a) levels is considered, it is not unreasonable to use measurements 10 years apart and far better than not attempting to correct for regression dilution bias. Importantly, however, the absolute 10-year risk estimates given in this article were not corrected for regression dilution bias and therefore underestimate rather than overinflate risk estimates. 18 Limitations of lipoprotein(a) assays are well known. 31, 32 If measurements are affected by apolipoprotein(a) isoform size, concentrations of large isoforms will likely be overestimated and concentrations of small isoforms will likely be underestimated. 33 Given the inverse relationship between apolipoprotein(a) isoform size and plasma lipoprotein(a) concentration, that is, small isoform sizes are associated with high concentrations and vice versa, an assay affected by isoform size would tend to underestimate high concentrations and overestimate low concentrations. This would likely lead to risk estimates more conservative than in reality, and thus real effect sizes for risk of MI and IHD by extreme lipoprotein(a) levels may be even larger than those often observed. However, any tendency to overestimate concentrations of large isoforms in our assay is probably modest because characterization of the polyclonal antibodies, including Western blot analysis of different apolipoprotein(a) isoforms, revealed no preferential detection of larger isoforms. In addition, when particles as large as lipoprotein(a) are targeted, turbidimetric assays are not very sensitive to slight varia- tions in the number of antibodies bound per target. Finally, our lipoprotein(a) assay is not standardized internationally for accuracy, and as a consequence the exact cutoff values in milligrams per deciliter may not be directly applicable to other lipoprotein(a) assays. However, this will not change the risk estimates based on percentile cutoff points, particularly because all of our 9330 samples were measured by the same technician, using only 1 calibration, 1 batch of antibodies, and 1 autoanalyzer.
The present study establishes extreme levels of lipoprotein(a) as an important risk factor for MI and IHD in both genders in Europeans. The use of lipoprotein(a) levels in risk assessment could be improved further by development of standardized assays to deliver precise and accurate lipoprotein(a) measurements. 32 In particular, our study supports the necessity of developing more careful and accurate measurements of very high levels of lipoprotein(a). Even without such new assays, absolute 10-year risk estimates of MI and IHD, as presented in the present study for extreme lipoprotein(a) levels, can be used directly to advise individual patients. However, this is provided that cut points for the 90th and 95th percentiles of the lipoprotein(a) distribution are used instead of absolute values. Cut points using absolute values may vary between assays because of the current lack of international standardization of lipoprotein(a) assays. Recent recommendations 34 state that lipoprotein(a) screening is not warranted for primary prevention and assessment of cardiovascular risk at present but that lipoprotein(a) measurements can be of use in patients with a strong family history of cardiovascular disease or if risk of cardiovascular disease is judged intermediate on the basis of conventional risk factors. In addition to measurement difficulties, a number of factors contribute to lipoprotein(a) levels not being incorporated into routine cardiovascular risk assessment presently. First, there are no effective drugs that selectively reduce plasma levels of lipoprotein(a). The only wellknown means of lowering lipoprotein(a) levels is high doses of niacin, 24, 35 which affects the levels of many other lipoproteins and is not universally tolerated. No studies have yet documented a reduction in IHD in response to niacin treatment in individuals with elevated lipoprotein(a) levels. Second, the mechanism of action of lipoprotein(a) as a promoter of cardiovascular events is not clear. Finally, plasma levels of lipoprotein(a) have failed to alter the receiver operating characteristic curve independently of traditional risk factors when used for risk prediction 36 ; however, receiver operating characteristic curves focus on the entire range of lipoprotein(a), whereas we demonstrate that particularly extreme values add diagnostic information.
Measurements of lipoprotein(a) levels might help to identify as yet unidentified high-risk individuals who could benefit from other aggressive, prophylactic measures, including statins directed at elevated cholesterol levels. Indeed, the influence of lipoprotein(a) in causing MI and IHD is muted with substantial cholesterol reductions in hypercholesterolemic patients. 37 Figure 4 . Comparison of present and previous studies. First, we compared the aggregated risk estimate for upper versus lower tertile of lipoprotein(a) levels on risk of IHD in a former meta-analysis of 18 studies with similar risk estimates in the present study. Second, we compared the only 3 published studies on lipoprotein(a) levels Ͼ90th percentile versus the lower 10th to 20th percentiles on risk of IHD including MI. Third, we compared the only 2 published studies on lipoprotein(a) levels Ͼ95th percentile versus the lower 10th to 20th percentile on risk of IHD including MI.
CLINICAL PERSPECTIVE
In this study of the adult Danish general population, the Copenhagen City Heart Study, which included 9330 men and women followed-up for 10 years, we observed a stepwise increase in risk of myocardial infarction with increasing levels of lipoprotein(a) in both genders, with no evidence of a threshold effect. We found that extreme lipoprotein(a) levels Ͼ95th percentile predict a 3-to 4-fold increase in risk of myocardial infarction and absolute 10-year risks of 20% and 35% in high-risk women and men. At present, no acceptable means of lowering lipoprotein(a) levels exist. However, lipoprotein(a) measurements among medium-risk individuals will help to identify as yet unidentified high-risk individuals who could benefit from other aggressive, prophylactic measures, including statins directed at elevated cholesterol levels. Indeed, the influence of lipoprotein(a) in causing myocardial infarction and ischemic heart disease is muted with substantial cholesterol reductions in hypercholesterolemic patients. In particular, individuals with a strong family history of ischemic heart disease would be candidates for lipoprotein(a) measurements because lipoprotein(a) levels are predominantly genetically determined and lipoprotein(a) is considered a quantitative genetic trait.
